ABSTRACT: The variability of extracellular excretions of 4 marine bacterial strains was investigated during growth on soluble (acetate or lactate) and insoluble (hydrocarbons) substrates. Cellular and extracellular protein, carbohydrate and lipid contents were estimated at the end of exponential growth phase. Emulsifying capacity of the cell-free culture medium was estimated. Lipid classes were characterized by using thin layer chromatography coupled with flame ionization detection. All strains were found to excrete organic compounds in their culture medium whatever the substrate. Carbohydrate and lipid compounds were the main products whereas proteins were excreted in lesser amounts. Nevertheless, the adaptation of the marine strains to insoluble substrate was characterized by enhanced lipid excretions (mainly phospholipids) which correlated well with higher emulsifying activity on this substrate. These excretions represented 8.6 to 156.2 and 4.3 to 101.6 yg per mg bacterial carbon, for carbohydrates and lipids respectively, according to a recent estimate of the bacterial protein to carbon ratio. These data show that inputs of dissolved organic compounds through bacterial activity could have important consequences on the physico-chemical characteristics of seawater in area where bacterial biomass is concentrated.
INTRODUCTION
The ability of bacteria growing on hydrocarbon substrates to produce emulsifying agents, enabling the penetration of this insoluble substrate into cells, is well known (reviewed by Zajic & Mahomedy 1984 , Rosenberg 1986 . However, few studies in the context of the marine environment have been performed on this topic. Similar production of emulsifying agents could occur in sea surface microlayers, which are constantly subject to insoluble compound inputs (H8 et al. 1982 , Jullien et al. 1982 , Burns & Saliot 1986 , Williams et al. 1986 ) and where bacteria are accumulated and very active (Carlucci et al. 1985 , Williams et al. 1986 , Romano 1988 . First evidence of this was presented in experimental studies by Rambeloarisoa et al. (1984) and Goutx et al. (1987) , during the growth of marine bacteria on hydrocarbon substrates. Moreover, these studies showed that, in some specific environmental conditions, the amount of bacterial exudates could represent a not ins~gnificant organic carbon input which has to be quantified. Furthermore, bacterial extracellu-4 3 Inter-Research/Printed in F. R. Germany lar production appeared as a phenomenon that should be taken into account in the assessment of biological processes influencing the physico-chemical characteristics at the air/sea interface.
The present work was undertaken using other strains of marine bacteria so as to confirm the importance of the production and the nature of the released compounds during growth on hydrocarbon. Several Pseudomonadaceae, which often make up a n important part of bacterial biomass at the aidsea interface (Fehon & Oliver 1979) were selected. Recently, Guerra-Santos et al. (1984) and Reiling et al. (1986) demonstrated that the production of compounds with tensio-active properties occurred in the same way when bacteria had grown on non-hydrocarbon substrate. In the present study, the capability of the selected strains growing on non-hydrocarbon substrates to produce extracellular compounds was therefore investigated. Production of extracellular compounds which have tensio-active properties can provide the medium with emulsifying capacities. This capacity was estimated in our experiments. The chem-ical nature of the extracellular compounds was determined by analyzing cells and supernatants for protein, carbohydrates and lipid content.
MATERIALS AND METHODS
Organisms and growth conditions. Bacterial strains were isolated from various coastal areas of the Mediterranean Sea. Four strains were selected for their ability to degrade hydrocarbons. They were not able to grow on carbohydrate substrates. Alcaligenes sp. PHY 9 and Pseudomonas nautica were identified according to Kneg & Holt (1984) . Strains no.8 and no. 17 were characterized as Pseudomonadaceae. The mole/, guanine + cytosine of the DNA of these strains were not estimated. They could not therefore b e identified as belonging to the genera Pseudomonas or Alterornonas.
Bacteria were grown at 32°C in a synthetic mineral salt medium (NaC1600 mM) composed of: tris hydroxymethyl amino methane (50 mM), KC1 (10 mM), CaClz (10 mM), NH4Cl (70 mM), M g S 0 4 . 7 H 2 0 (100 mM), NaHP04 (1 mM), and FeS04 (0.3 mM) a t p H 7.5. The carbon sources added to this mineral medium were either 1 to 3 g l-' acetate (or lactate) as soluble substrates or 0.7 to l g l-' tetradecane and eicosane as insoluble substrates. All experiments were performed after growth on rich medium (synthetic seawater supplemented with 0.5 % yeast extract [Difco] and 0.5 O/O bactopeptone [Merieux]), followed by growth on preculture in the experimental conditions. Concentrations of substrates were chosen in order to reach comparable amount of protein when harvesting. The whole cultures (300 ml) were harvested a t late exponential growth phase when maximal exocellular lipids production occurred (Goutx et al. 1987) . Aeration was provided by agitation on a reciprocal shaker (96 rpm). Growth was monitored by following absorbance at 450 nm with a Shimadzu UV-visible spectrophotometer, or by estimating the protein content using the method of Lowry e t al. (1951) .
Emulsifying activity of 6000 X g supernatant was measured by using the previously descnbed procedure (Goutx e t al. 1987) , slightly modified as follows: the reaction system contained 10 m1 of supernatant and 0.1 m1 of tetradecane. The stability of emulsion over time was measured at 20°C (Roy et al. 1979 ) after mechanical agitation of the reaction system. Analytical methods. Proteins and carbohydrates were estimated according to the methods of Lowry et al. (1951) and Dubois et al. (1956) respectively. Lipids were extracted according to the method of Bligh & Dyer (1959) . Separation and identification of classes of compounds were performed using thin-layer chromatography coupled with flame ionization detection on a Iatroscan apparatus TH l 0 (Iatron Laboratories, Tokyo), following the procedure described by Goutx et al. (1987) and slightly modified: 2 development steps were added to the entire procedure. Extracellular lipids of hydrocarbon-grown bacteria were analyzed using a first development in hexane. This allowed the residual hydrocarbon to separate from other lipid classes. Polar lipids separation was improved by using a last development in dichloromethane : methanol: water (5 : 4 : 1) according to Delmas et al. (1984) . It separated phospholipids from non-lipid material which remained at the origin. Lipids were identified on the basis of their ability to CO-chromatograph with authentic standards purchased from Sigma LTP Corp. Lipids were quantified with reference to calibration curves performed for each class of standard compounds in the range of 0.5 to 20 pg (30 pg for phospholipids) and for the whole set of rods (the data for standards were fitted to the power function). Each experiment and lipid analysis was run in duplicate. Residual acetate or lactate were quantified according to the UV-method of Bergmeyer (1974) using test-combination (Boehringer Mannheim).
RESULTS

Bacterial growth and emulsifying activity
The bacterial strains were not able to grow at sodium chloride (NaCl) concentrations between 0 and 100 mM and exhibited maximal growth at NaCl concentrations of 400 mM. They were thus characterized as marine bacteria according to the definition of Larsen (1986) . Experiments were run at NaCl concentrations of 600 mM in order to approach seawater conditions. Generation times and degradation rates of the 4 strains grown on soluble and insoluble substrates are given in Table 1 . Strain no. 8 was not able to grow on tetradecane as sole carbon and energy source. Generation times were longer on insoluble substrates than on soluble substrates. The bacterial strain Alcaligenes sp. PHY 9 exhibited better growth on hydrocarbon substrates than other strains did.
A microorganism's efficiency in producing a surfactant is determined by the ability of the culture medium to emulsify hydrophobic compounds. At the end of the exponential growth phase, emulsifying activity (EA) was therefore measured in the cell-free culture medium. EA's were 1.3-to 3-fold higher in culture medium of hydrocarbon-grown bacterial strains than in culture medium of acetate-or lactate-grown bacterial strains (Table 1) . Nevertheless, this activity varied with hydrocarbon type. For example, the EA's of Alcaligenes sp. PHY 9 and Pseudomonasnautica 617 were higher on tetradecane substrate than on eicosane substrate. Lipid compositions of extracellular material were different from lipid composition of endocellular material (Table 4) . Extracellular lipids were characterized by a large heterogeneity. For example, the phospholipids to acetone mobile polar lipids (PL/ AMPL) ratios were 0.95, 0.80, 3.68 and 6.20 in supernatants of Strain no. 8, Strain no. 17, Alcaligenes sp. PHY 9 and Pseudomonas nautica respectively, after growth on eicosane. Moreover, free fatty acids were major compounds in Alcaligenes sp. PHY 9 supernatants, while they were only slightly concentrated in supernatants of other strains.
Comparison between extracellular production on soluble substrate and insoluble substrate show that polar lipids production was enhanced in supernatants of cultures grown on insoluble compounds (Fig. 1) . Maximal enhancement ( X 20) occurred for phospholipids. Concentrations of neutral lipids varied with strains and substrate characteristics. Highest concentrations were related to tetradecane substrate.
DISCUSSION
The 4 marine bacterial strains tested in this study produced organic compounds in their culture medium when grown on either soluble or insoluble substrates. Table 3 These compounds were found to provide the medium with surface active properties according to Gutnick & Minas (1987) who assume that all living cells produce amphipatic molecules. Carbohydrates and lipids were the main products whereas proteins were poorly excreted. In spite of the high extracellular release of carbohydrates, the adaptation of the marine strains to insoluble substrates was characterized by lipid excret i o n~. The heterogeneity of lipid excretions, already described in the literature (reviewed by Rosenberg 1986 and Cooper 1986 ) must b e emphasized (for example, free fatty acid production was much higher for Alcaligenes sp. PHY 9 than for other strains and within this strain, the amount of free fatty acid varied with substi-ate type). These excretions covaried well with the enhancement of emulsifying activity in supernatants and occurred in the same way, whatever the insoluble substrate was (i.e. under liquid [tetradecane] or solid form [eicosane] ). Several aspects of bacterial excretion are well documented in the literature, such as production of exoenzymes (Hoppe e t al. 1988) , production of exopolymers involved in microbial aggregation reaction in natural ecosystcms (reviewed by Marshall 1987) and production of molecules with potential industrial applications (reviewed by Gutnick & Minas 1987). Nevertheless, there is little data which can lead to an evaluation of dissolved organic compound inputs through bacterial activity in the marine environment. Furthermore, as recent studies (Azam et al. 1983 , Fasham 1984 , Sherr et al. 1988 ) have pointed out, the major role of bacteria as a biomass component in the aquatic environments -excretions of dissolved organics resulting from the biochemical adaptation of bacteria to their direct environment -must be taken into account when quantifying the flow of organic matter through the bacterial compartment, in areas where bacterial biomass actively develops. From our data, it can be concluded that in culture conditions, 1 mg bacterial protein releases 16 to 289 ,ug carbohydrates and 8 to 188 yg lipids in the extracellular Liquid medium. According to the recent estimate of the bacterial protein to cell carbon ratio (0.54) proposed by Simon & Azam (1989) , these excretions represented 8.6 to 156.2 pg and 4.3 to 101.6 pg per m g of bacterial carbon, for carbohydrates and lipids respectively. Maximum inputs of dissolved lipids occur when bacterial proteins are obtained from an insoluble carbon source. Considering that most interfaces accun~ulate active bacterial biomass and insoluble compounds (Crow et al. 1976 , Marty & Saliot 1976 , Burns & Saliot 1986 , Williams et al. 1986 , Zutic & Legovic 1987 dissolved lipid inputs through bacterial activity could be effective here. Consequences on the physico-chemical characteristics at air/sea interface could be considerable as only 0.05 O/ O wt solutes are required to induce a change in microlayer viscosity (Carlson 1987) .
